Introduction: Obesity yields a decreased postural stability. The potentially negative impact of obesity on the control of upper limb movements, however, has not been documented. This study sought to examine if obesity imposes an additional balance control constraint limiting the speed and accuracy with which an upper limb goal-directed movement performed from an upright standing position can be executed. Method: Eight healthy lean subjects (body mass index (BMI) between 20.9 and 25.0 kg/m 2 ) and nine healthy obese subjects (BMI between 30.5 and 48.6 kg/m 2 ) pointed to a target located in front of them from an upright standing posture. The task was to aim at the target as fast and as precisely as possible after an auditory signal. The difficulty of the task was varied by using different target sizes (0.5, 1.0, 2.5 and 5.0 cm width). Hand movement time (MT) and velocity profiles were measured to quantify the aiming. Centre of pressure and segmental kinematics were analysed to document postural stability. Results: When aiming, the forward centre of pressure (CP) displacement was greater for the obese group than for the normal BMI group (4.6 and 1.9 cm, respectively). For the obese group, a decrease in the target size was associated with an increase in backward CP displacement and CP peak speed whereas for the normal BMI group backward CP displacements and CP peak speed were about the same across all target sizes. Obese participants aimed at the target moving their whole body forward whereas the normal BMI subjects predominantly made an elbow extension and shoulder flexion. For both groups, MT increased with a decreasing target size. Compare to the normal BMI group, this effect was exacerbated for the obese group. For the two smallest targets, movements were on average 115 and 145 ms slower for the obese than for the normal BMI group suggesting that obesity added a balance constraint and limited the speed with which an accurate movement could be done. Summary: Obesity, because of its effects on the control of balance, also imposes constraints on goal-directed movements. From a clinical perspective, obese individuals might be less efficient and more at risk of injuries than normal weight individuals in a large number of work tasks and daily activities requiring upper limb movements performed from an upright standing position.
Introduction
The burden of obesity is widely known for its impact on health from a physiological aspect. For instance, there are associations with diseases such as type 2 diabetes, coronary heart disease, pulmonary dysfunction, musculoskeletal disease, cancer and many others (see review NTFPTO, 1 Janssen et al., 2 and Bray   3 ). The negative consequences of obesity, however, extend well beyond its physiological aspects. It also modifies body geometry and increases the mass of the different segments. 4, 5 There are also suggestions that an increased body fat mass decreases postural stability and increases the odds of falling. For instance, Owusu et al. 6 explored the association between body anthropometry and the incidence of hip and wrist fractures in 43 053 men 40-75 years old. They reported that waist circumference and waist-to-hip ratio were positively related to fracture incidence. Four studies with obese boys also suggest that obesity imposes added constraints on the postural control system. Petti et al. 7 examined the relationship between obesity and traumatic dental injuries in a study population of 938 school children aged 6-11 years. They reported that more obese children suffer from traumatic accidents to anterior teeth than nonobese children. For obese boys aged 10-21 years, Goulding et al. 8 reported a significant negative relationship between body weight, body mass index (BMI), percentage of fat or total fat mass and a clinical balance score (Bruininks-Oseretsky). Compared with non-obese prepubertal boys, obese boys also showed greater sway areas and variability in the medial/lateral direction. 9 Altogether, these studies support the view that overweight can yield poorer balance. More recently, Bernard et al. 10 reported similar results, but only when balance control was challenged by standing on a foam surface. This task presumably perturbs the lower limbs somatosensory information and sensory systems. Hence, results of Bernard et al.
suggest that less stable posture is not only the result of overweight by itself but could also be related to sensory reweighting problems. Corbeil et al. 11 investigated, using a mathematical model, how an abnormal distribution of body fat in the abdominal area could influence the stabilizing torque needed at the ankle joints when an obese person is submitted to a small and normal forward oscillation. Results of the mathematical simulations suggested that obese persons are at higher risk of falling than lightweight individuals. This was proposed because a nonlinear increase of the torque needed to stabilize the body was required when the ankle response was delayed (onset of the stabilizing torque or slower time-to-peak torque response). This effect was aggravated by a more pronounced anterior position of the centre of mass. Obese persons also exhibit balance control difficulties when walking and standing up. Compared to lean individuals, obese persons walk slower with a greater stride width and spend a longer percentage of their gait cycle in dual stance. 9, [12] [13] [14] This has been associated with a less stable gait pattern. 15, 16 Obese people also showed a less stable pattern for a sit-to-stand task. [17] [18] [19] Clearly, balance control does not only relate to upright standing. It also subserves most of our daily activities and obesity could impose an added postural constraint. For instance, when aiming or reaching for an object from an upright standing position, proper balance control offers a stable or controlled platform for the goal-directed movement. [20] [21] [22] When aiming for a target as fast as possible, the speed and accuracy of a movement are two constraints that are used to define the motor performance. The relationship between these two variables has been formalized as Fitts' law. 23, 24 It states that movement time (MT) is a linear function of the index of difficulty (
A is the amplitude of the movement and W the width of the target (accuracy constraint). The objective of our study was to compare the aiming performance of a group of obese subjects and a group of lean subjects. Both groups aimed at a target from a standing posture and four indices of difficulty were used to vary the accuracy constraints of the task. According to Fitts' law, both groups should exhibit similar MTs since the difficulty of the task (ID) was similar. If obesity adds a balance control constraint, however, MTs should be longer when the aiming requires more precision. This could be so because a stable or controlled posture is necessary for rapid and accurate goaldirected movements. This result would have both clinical and fundamental implications. It would suggest that, compared to normal BMI individuals, balance control difficulties for obese people could put a burden on upper limb movement control when movements are performed from a standing posture.
Research methods and procedures Participants. Eight normal BMI subjects (BMI between 20.9 and 25.0 kg/m 2 ) and nine obese subjects (BMI between 30.5 and 48.6 kg/m 2 ) participated in the study. A detailed description of both groups is presented in Table 1 . All participants were male and gave written informed consent according to the Laval University Ethics committee. None of the participants reported any neurological or musculoskeletal disorders.
Apparatus and task. A standard Fitts-like paradigm was used for the aiming responses. A board, 25 cm large, 75 cm long and oriented in the horizontal plane, was positioned in front of the subject (Figure 1 ). It included a starting point (radius 5 mm) and four different targets made of aluminium (witdh of 0.5, 1.0, 2.5 and 5.0 cm, 25 cm large) that could randomly be inserted into the board 30 cm from the starting point. These combinations allowed indexes of difficulty of 3.6, 4.6, 5.9 and 6.9 bits (ID ¼ Log 2 (2A/W)), respectively. The indexes of difficulty were identical for both groups. If obesity does not add a constraint, identical MT/Index of difficulty relationships should be expected for both groups. Aiming responses were made in the sagittal plane with a stylus having a 1-mm tip. The starting point, the target and stylus were electrically connected and a voltage signal allowed the precise detection of both the onset and end (target contact) of the movement. For each subject, the board was placed so that target was at 90% of arm length. Vertically, the board was positioned at 60% of the participant's height. Participants were standing upright with their feet 10 cm apart. Feet positions were drawn on the platform to ensure constant feet positions across trials.
Body kinematics was acquired using 4 Selspot II (Innovision Systems Inc., Columbiaville, MI, USA) cameras. A total of eight infrared emitting diodes (IREDs) were placed on the right side of the participant: ankle (lateral malleolus), knee (lateral condyle of tibia), hip (greater trochanter of femur), shoulder (acromion), elbow (lateral epicondyle of humerus), Obesity and accurate goal-directed movements Procedures. All movements were performed from an upright standing posture. Subjects were asked to aim at the target, after an auditory signal, as fast and as precisely as possible. For all trials, the participants could reach the target with an arm extension only, but no specific instructions were given regarding using trunk movements. A trial started with the stylus in contact with the starting point. The participant started their aiming movement following an auditory signal (1 kHz, 100-ms duration tone). Ten trials were performed for each ID. Within a postural condition, blocks of IDs were given randomly. Hence, participants performed a total of 40 trials (4 IDs Â 10 trials).
Participants were allowed only two errors per block of 10 trials. A trial was accepted when the participant hit the target without gliding on the board before or following the contact with the target. At the third error, the condition was stopped and a new block of 10 trials was presented; the missed condition was retaken at the end of the session. This procedure ensured that subjects produced movements that were as fast as possible but not at the expense of a reduced accuracy. Overall, 12 blocks of trials were retaken. To prevent fatigue, a short rest was allowed between each block of trials.
Analysis. The electrical contacts between the stylus, the starting point and the target were used to determine the start and end of a movement. The time between the auditory signal and onset of the stylus movement was defined as reaction time (RT). The duration between the onset of the stylus movement and contact with the target was defined as MT.
The anterior-posterior (A-P) and medial-lateral (M-L) coordinates of the CP were filtered (fourth-order Butterworth with a 7 Hz low pass cutoff frequency with dual-pass to remove phase shift). Force platform data for three obese participants were not available because of technical problems. When aiming, the CP initially moves backward and then forward towards the target. The hand movement usually starts during the backward movement. For the analyses, CP displacement was broken down into two parts; backward displacement which is the displacement between the CP onset position and the maximum CP backward position, and forward displacement which is the amplitude between the maximum CP backward position and the forward position of the CP at target contact. Position data for the anatomical landmarks were filtered (fourth-order Butterworth with a 7 Hz low pass cutoff frequency with dualpass to remove phase shift). The elbow angle was calculated between the arm and forearm segments. The shoulder angle was calculated between the trunk and arm segment in the sagittal plane. The relative hip angle was calculated from the difference between two angles: (a) the angle of the trunk with respect to horizontal, and (b) the angle of the thigh with respect to horizontal. Angular velocities were computed Obesity and accurate goal-directed movements F Berrigan et al with a finite-difference algorithm. All curves were visually inspected prior to calculation of the duration of acceleration and deceleration phases (onset of movement to peak speed and peak speed to target contact, respectively). All signals were synchronized on the hand movement onset. All dependent variables were submitted to two groups (obese and normal BMI) Â 4 IDs (3.6, 4.6, 5.9 and 6.9 bits) analysis of variances (ANOVAs) with repeated measures on both factors. When necessary, post hoc analyses were performed using planned comparisons.
Results
Hand movement characteristics Analysis of hand kinematics revealed several group differences. Figure 2a illustrates Durations of the acceleration and deceleration phases and hand peak speed values were analysed to document how the control of the aiming movement varied with changes in ID between groups (Figure 2 b-d, respectively) . For the duration of the acceleration phase, the main effects of Group (F(1,15) ¼ 5.1, Po0.05) and ID (F(3,45) ¼ 4.4, Po0.01) were significant, but the interaction of Group Â ID was not significant (P40.05). For both groups, the duration of the acceleration phase increased with an increased ID. Overall the duration of the acceleration phase was 25 ms longer for the obese group than for the normal BMI group. For the duration of the deceleration phase (Figure 2c) , the main effects of ID (F(3,45) ¼ 55.7, Po0.001) and the interaction of Group Â ID were significant (F(3,45) ¼ 4.1, Po0.05). Decomposition of the interaction showed that, when participants aimed to the smallest target (ID 6.9 bits), the duration of the deceleration phase was longer for the obese than for the normal group (increase of 124 ms or 26.1% of the total MT of the normal BMI group; F(1,15) ¼ 5.16, Po0.05).
The ANOVA for peak hand speed only showed a significant main effect of ID (F(3,45) ¼ 16.8, Po0.001). The main effect of Group and the interaction of Group Â ID were not significant (P40.05). Peak hand speed decreased with an increasing ID (1.40, 1.26, 1.18 and 1.14 ms
À1
, for the 3.6, 4.6, 5.9 and 6.9 bits ID, respectively).
Hip, shoulder and elbow angles kinematics. For the elbow angle variation (from start to end of the movement), a significant main effect of Group was observed (F(1,14) ¼ 6.9, Po0.05). The elbow extension was greater for the normal BMI group than for the obese group (37.81 versus 26.41, Obesity and accurate goal-directed movements F Berrigan et al respectively). The ANOVAs for the hip and shoulder angles variations revealed no significant effect. ANOVAs for the peak hip, shoulder and elbow angular speed showed main effects of IDs (Pso0.001). Increasing the difficulty of the task (by reducing the size of the target) yielded slower peak speed values for both groups.
Linear displacement of the knee, hip and shoulder. Figure 3 shows stick figures for the initial (black) and final (grey) position for representative obese and normal BMI participants. The obese participant aimed at the target with the whole body whereas the normal BMI participant aimed at the target mainly with an elbow extension and shoulder flexion. Similar observations were made for all obese and normal BMI participants. To examine if these differences were significant, the amplitude of the forward linear displacements (final positionÀinitial position) of the knee, hip and shoulder of the obese were compared to those of the normal BMI participants. For the knee linear displacement (Figure 4a) , the main effect of ID (F(3,45) ¼ 3.2, Po0.05) and the interaction of Group Â ID were significant (F(3,45) ¼ 6.0, Po0.01). Decomposition of the interaction showed that, when participant aimed at the two smallest targets (ID of 5.9 and 6.9 bits), forward knee linear displacement was greater for the obese than for the normal group (Pso0.05). For the forward hip linear displacement (Figure 4b) , the main effect of ID (F(3,45) ¼ 3.8, Po0.05) and the interaction of Group-ID also were significant (F(3,45) ¼ 11.5, Po0.001). Decomposition of the interaction showed that, when the obese participants aimed at the most difficult target, the forward hip linear displacement was smaller for the normal BMI group than for the obese group (Po0.05). For the forward shoulder linear displacement (Figure 4c) , the main effects of group (F(3,45) ¼ 7.9, Po0.05) and ID were significant (F(3,45) ¼ 34.4, Po0.001). Increasing the task difficulty led to a greater forward shoulder displacement (67.4, 73.9, 93.9 and 100.4 mm for the ID of 3.6, 4.6, 5.9 and 6.9, respectively). The obese group, however, showed a greater displacement of the shoulder towards the target than the normal BMI group (103.4 mm versus 67.1 mm, respectively).
Alltogether, theses analyses demonstrate that, compare to normal BMI participants, obese participants moved their whole body forward while aiming at the target. Obesity and accurate goal-directed movements F Berrigan et al
Centre of pressure kinematics. Figure 5 illustrates velocityposition profiles of the CP (onset of hand movement to the target contact) for one typical participant of each group for the ID of 6.9 bits. Centre of pressure speed (ordinates) clearly reaches higher peaks during the movement for the obese than for the normal BMI participant. Larger CP displacements (abscissas) also are observed for the obese participant. These results hold for all participants. The ANOVA for the forward CP displacements showed significant main effects of Group (F(1,12) ¼ 8.32, Po0.05) and IDs (F(3,36) ¼ 5.01, Po0.01). Figure 6a shows the mean forward CP displacements across the four IDs for both groups. Overall, forward CP displacements were greater for the obese group than for the normal BMI group (4.6 and 1.9 cm, respectively). For both groups, the forward CP displacement increased with a decrease in target size (2.7, 3.4, 3.4 and 3.5 cm for the 3.6, 4.6, 5.9 and 6.9 bits IDs, respectively). The ANOVA for the backward CP displacements showed significant main effects of Group (F(1,12) ¼ 6.18, Po0.05) and IDs (F(3,36) ¼ 7.40, Po0.01), and a significant interaction of Group Â ID (F(3,36) ¼ 3.11, Po0.05). Figure 6b shows the mean backward CP displacements across the four IDs for both groups. Decomposition of the interaction revealed that backward CP displacement was similar for all four IDs in the normal BMI group whereas increasing the ID yielded greater backward CP displacements in the obese group (1.6, 2.0, 2.1 and 2.3 cm for the 3.6, 4.6, 5.9 and 6.9 bits IDs, respectively). Overall, backward CP displacements were smaller for the normal BMI group than for the obese group (0.95 and 2.01 cm, respectively).
The ANOVA for CP peak speed (Figure 6c ) demonstrated significant main effects of Group (F(1,12) ¼ 8.3 , Po0.05), IDs (F(3,36) ¼ 2.9, Po0.05) and an interaction of Group Â ID (F(3,36) ¼ 3.7, Po0.05). A decomposition of the interaction showed that, for the normal BMI group, CP peak speed was not different across all four IDs whereas for the obese group, an increased ID was associated with an increase in CP peak speed. The obese group also showed greater CP peak speed when aiming at any of the targets.
Discussion
Balance control does not only refer to upright standing, but also subserves most of our daily activities. For instance, when aiming or reaching for an object from an upright standing position, proper balance control offers a stable or controlled platform for the goal-directed movement. The main objective of this study consisted of examining if, when performing a goal-directed movement, obesity imposes an additional postural constraint that impinges on the difficulty of the aiming. We hypothesized that, when aiming towards smaller targets, balance control related to obesity would exacerbate the difficulty of the aiming.
Results showed that, for both obese and normal BMI participants, increasing the task difficulty (by reducing the size of the target) led to longer MT. This result is one of the most robust observations in the motor control literature. 25, 26 The key observation, however, is that even though the difficulty of the aiming was identical for both obese and normal BMI participants, the increase in MT was significantly greater for the obese participants when the most difficult targets were presented (IDs of 5.9 and 6.9 bits). In other words, this indicates that obesity added a significant Figure 5 Phase plane between the CP displacement and CP speed for one typical subject of each group for the ID of 6.9 (from the hand movement onset to the target contact). Only the trials where subjects successfully reached to the target are presented.
Obesity and accurate goal-directed movements F Berrigan et al constraint to the aiming movement when the movement increased in difficulty.
Movement time can be break down into acceleration and deceleration phase. The increased MT of obese participants when aiming at the 5.9 and 6.9 bits ID was mainly the consequence of a longer duration of the deceleration phase. Longer durations of the deceleration phases have been associated to feedback control processes of the aiming movement per se (e.g. Plamondon and Alimi 26 and Marteniuk et al) 27 In our study, however, the targets presented similar difficulties for both groups and the initial position of the subjects with respect to the target was also identical. This increased difficulty, not accounted for by the aiming constraints, could emerge from the added balance control imposed by obesity. There are some recent data with normal BMI subjects supporting this suggestion. When normal BMI subjects aim at targets of various difficulties, MTs are faster when they perform the task from a seated than from a standing posture. 20 In a different study, Savelsbergh et al.
21
observed that children were able to catch more balls in a seated compared to a standing condition. 21, 22 These experiments clearly suggest that a stable or controlled platform allows to improve the speed-accuracy characteristics of upperlimb movements. [20] [21] [22] An alternative explanation for the increased MT relates to the mechanical consequence of the greater inertial load of the arm and forearm of the obese subjects. According to this hypothesis, moving heavier segments would require more force, and this could lead to a longer MT. In his seminal work, Fitts 23 showed that loading a stylus (1 ounce versus 1 pound stylus) yielded slower MTs, but this was observed for all targets and the increase in MT was also similar for all targets. In our experiment, the effect clearly was related to the size of the target. Bock 28,29 also showed that, for pointing movements where the weight of the load carried by the hand was varied, the MT increased with load weight. The skewness of the velocity profiles (ratio of the acceleration time and deceleration time) was, however, load-independent. This was not the case for obese participants as the ratio of the acceleration time/deceleration time clearly increased when the ID increased. These observations argue against a simple mechanical hypothesis. Finally, one could argue that, on average, obese subjects in our study were slightly older than lean subjects and that the slower movements could have resulted from this small age difference. This is an unlikely possibility for the age-group we tested as Welford et al.
30
reported for a task sharing similarities with that used in the present study, nearly constant MT up to 60 years of age.
In the present study, the targets could be reached only with a shoulder flexion and an elbow extension. Nevertheless, obese participants moved their whole body forward while aiming at the target. This was not observed for normal BMI participants. This strategy could serve to move the centre of mass closer to the target. By doing this, obese participants may be better positioned for correcting their hand movements when approaching the target. Such a strategy has been previously observed for normal BMI subjects in a context requiring rapid hand corrections to visual targets located within or beyond the prehension space. 31 The CP displacement data also support this suggestion. While normal BMI participants showed a constant CP displacement, obese participants showed an increasing CP displacement with an increase in the difficulty of the task (smaller target size). Moreover, the earlier and larger backward CP displacement was probably associated with the need to move their whole body forward when aiming.
Conclusion
Our results suggest that obesity, because of its effects on the control of balance, also imposes constraints on goal-directed Obesity and accurate goal-directed movements F Berrigan et al movements. From a clinical perspective, obese individuals might be less efficient in a large number of work tasks or daily activities than that of normal weight individuals. This observation is fundamental from an ergonomic viewpoint. It may allow to explain why individuals with a higher BMI have greater risk to be involved in an accident [32] [33] [34] or to fall more frequently, both on the same level and at a lower level. 34 We strongly believe that this should lead to a closer examination of the direct impact of obesity on work-related injuries.
